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air warmer and reduces the updraft velocity slightly and moist downdraft cools
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levels and to slightly increase the cloud depth. The calculated precipitation
rates appear to be close to the representative values obtained from observations,
One most interesting result given by the model is that, under the less unstable
middle latitude environment, the precipitation rate jumps from lower than
.7 cm/hr for cloud radii smaller than 1000 m to more than 5.4 cm/hr for cloud
radii greater than 2000 m, reflecting the inhibiting effect of the mid-
tropospheric stable layer on the penetrative power of the smaller clouds.-

Another interesting result revealed by the model is that, with the
pressure perturbation included, the maximum updraft velocity, wmax, achieves
highest value when the cloud radius is about 8 km.

The influences of cumulus convection on the average thermodynamic
properties of the atmosphere have also been calculated and it was found that the
main heating is from latent heat but compressional heating of environmental air
is also of importance, especially close to the top of the cloud.

An equation for the influence of vertical mixing of the horizontal
momentum by cumulus convection on the change of horizontal momentum has also
been obtained.
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1. Introduction

It is well known that the total life span of a vertically oriented

thunderstorm or a single precipitating cumulus cell is only about 30

minutes and it can be divided into three distinct stages, namely, an

updraft dominated developing stage, a mature or rain stage with both

updraft and wet-downdraft, and a downdraft dominated dissipating stage.

It is also known that the strong downdraft within the domain of the cloud

itself in these systems is attributable to the dowxnward drag created by

the falling rain drops. On the other hand, the well organized, squall

line type severe convective storms usually last for many hours even

though the life span of a single cloud cell within the system may also

be relatively short. It is evident that a very complicated model is

needed if one aims at representing the various processes involved during

the development of these systems in detail through numerical modeling.

However, essential understanding of the mechanisms of these convective

systems can be achieved by the use of much simplified models, especially

when our purpose is limited to the finding of the average behaviors of

these systems only.

In this study we shall at first determine the representative flow

fields during the whole life spans of the cumulus clouds from a simple

cloud model and then calculate the average heating effects produced by

them, and finally parameterize thle average heating effect in terms of thle

large-scale flow variables. Our approach to the cumulus parameterization

problem is still as that discussed by the first author in an earlier

paper (Kuo, 1974), namely, to use a representative model cloud or a
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combination of clouds rather than use an unspecified cloud ensemble. This

approach has also been followed by Anthes (1977) in his approach to the

cumulus parameterization problem, but with a somewhat different cloud

model.

Specifically, the cloud model we adopted in this study is a quasi-

steady and quasi-one-dimensional model which is obtained by integrating

the two-dimensional equation for the azimuthal vorticity over the radius

of the cloud updraft and hence it takes into consideration the influence

of the pressure perturbation approximately. In addition, we also take

into consideration the influence of a nearly saturated strong downdraft

in the immediate environment on the updraft in one type of cloud, which

is known to occur often in nature, in addition to that with a quiescent

environment only.

'2. The cumulius cloud model and the governing equations L

As has been mentioned in the introduction, the flow field under

consideration is taken as axisymmetric and hen e the radial and vertical

equations of motion, the heat energy equation, the water vapor equation

and the anelastic mass continuity equation can be written in the following

forms in cylindrical coordinates (r,z):

11 + uu + wuz = -(p'/p o ) + vV 2 ()

0'
v

w + 11w + ww = _(p'/po) + g( q2) + (2)
r z0 z v

O' + r-(urA') + Pol(Po w') + wO = 2 0O + LIC/c (3)t r 0 o Z oz p

(urq') + p+ V - C, (4)t ~ r 0 Z o-tI -1- uq) r zWo

r -(ur) + p (P w) = 0 (5)
r o 0



where the subscripts t, r and z denote partial differentiations. Here

u and w are the radial and the vertical velocity components, p', a'

and q' are the departures of the pressure p, the potential temperature

@ and the water vapor mixing ratio q from their values pot 0,9 and q0

in the undisturbed environment, p0 is the undisturbed density, 0v =

T(l + 0.60 8 q)N is the potential virtual temperature, C is the rate of

condensation, L is the latent heat of condensation, q 1Is the liquid

water mixing ratio, v is the eddy viscosity or eddy conduction coeffi-

cient, V is the one-dimensional Laplacian operator in cylindrical

coordinates and r is the ratio of the potential temprature to the

temperature, which are given by

V 2 _ ) + I )__ V. = V ( 6a. b)
2 r 3r I*( ' h

S= (I-OO)R/cp , p in mb. (6c)
p

The undisturbed quantities pop 0o' q and p are taken as functions of z

only, and v is taken as proportional to w in the cloud. The definitions of

the symbols used In this paper are also given in the appendix.

The condensation rate in a unit mass of cloud is taken as given by

the formula
dq- dqs(7a)

dt

where q is the saturation mixing ratio and is equal to q in the cloud.

If all the liquid water are of the nature of small cloud drops which move

with the air, then, the total water mixing ratio (qq + q) of an individual

parel withoeit mixing or precipitation will remain constant and theret lore

C is also given by
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C = dq (7b)
dt

For convenience, we add 7rL/cp times (4) to (3) and obtain the following

equation for the perturbation entropy s' of the moist air:IoI

s' + r- (urs') +p (Pws') + wD
t r 0 o z 3z

2V2 + (qs-q)w (8)

p

where
1 10 +8 +jq TL q °o}

s I == (0' + -h), S = ( )

0 cso +
0 p0 C

I~ C;0 s 0 gLirq0= s g q (8a,b,c)
I z 3z 2

c TO
p

and 0 is the average value of 0 and hence is a constant.0

For the saturated region inside the cloud, it is more convenient to

measure the mixing ratio perturbation from the saturation mixing ratio

s = qs(T ) at the undisturbed temperature T rather than from the undis-

turbed value qo in the environment. Since q is equal to the saturated

mixing ratio qs (') at the temperature T T + T') in the cloud, we have

q =qs() = qos + q ' 
, (9a)

where
I, T' 13qs 0'

0 0

Thus, on setting q' = q" 4 q - q0 in s' and writing

e = 1 (0' +-- q) - if [+ !L S) 1= St -L(q q , (90
e T T c - c s 05 - 0 ,(c

p p o p
I Lii 1 Li

s -(0 +- = s +- (q -q) (9d)
(0o 0 c-qos oes o c 0S s

p p

we find that Eq. (8) becomes
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s')t + r- (urs;) + P-(0oWSL)z + w a--1

= ,s' + -- - (qs-q )w (10)
e 2 s os

P
where

:SOs 16 o tf dqSO ds gLiiq-- + (1_ o g1)q

3 dz c dz dz (1Oi)
P C rop

We apply 3/)r to (2) and 3/Dz to (1) and then take their difference

to obtain the following equation for the azimuthal vorticity n = w -u :

2 
e

n + (un) + (w) z - = g +rIT), (1) at r z D (1

Therenflue-ce the pressure perturbatifon tte flow field is included c

in this equation fo t h loe -upd term In n.

According to Eq. (5), the velocities u and w and the vorticity en Can

be expressed in terms of the stream function tnviz.,

u = P -z + ol, w =  r + r - l  '12a, h)

r Z 14, Z 4

where dc = P is the density stratification factor. Thus th nteraio cs

of the axisymmetric cloud can be taken as governed by the two equations

(10) and (11) in terms of the two dependent variables b and S' since (Ii

and hence q" of (9b) is determinable from 0.

a1. Equations for the cloud updraft region.

Instead of solving the equations (10) and (11) in the two-dimensional

space (r,z), in this work we shall focus our attention on the cloud uipdra ft

by reducing these equations to one-dimensional forms through Integration

from the center of the cloud r=0 to the edge of the cloud r=R under the



6

assumption that. we have

0'(R) = a0', q'(R) = be'(R) = abO', (13a,b)

u(R) = - w Rw (13c)

R
1 2

r vrV-s' dr=-&ws' , (13d)
J e e

where a, b, a and (0 are constants and 0', w and s' now represent their
I e

average values inside the cloud. Here a> 0 Implies entrainment of

relatively warm air, and b >, 0 implies entrainment of air which is more

moist while ) - 0 is air drier than the undisturbed environment.

In this study we used a = -0.1, b = 0.002 for the moister downdraft and

a = 0.4, b -c p /Ln for the drier downdraft. From the relations (8a),

(9c) and (13a,b) we also find

s'(R) = s' ' s'(R) = a's' LIT (q -qo) , (13e,f)•=LSe , e e cp0  "~

where
qs

,X' = a(c + b i)/(c + LI ") ,  . (13g)
p P -fT o

We now multiply (10) by Pordr and integrcte over r from 0 to R.

After making use of these simplifying relations at the cloud boundary we

then find that the net upward transport of entropy H( = owR's') inside
0 e

the cloud is given by the following equation:

(Hlw) + + ( - a*)H
SI z +  2 R

-M + I0[ p (q (qs-q Os)]} (14)- - N +-- .'(q-qo) (4
CpO P

p ps

where M(= p wR 2 ) is the upward mass transport inside the cloud and ,,,* =

2kix' , where a' Is given bv (13p).

In order to he able to reduce the vorticity equation (11) to one-

dimnensionalI form in .i simple manner through integration over r, we make



use of the simplifying assumption that the radial variation of q, is os.il-

I ato ry and is represented by a function of r only. For simplicity of

representation, we shall follow Holton (197 1) by equat ing this fuict toln

with the first order Bessel function J (cr/R) with a - 2.405 istead o t

the more realistic radial function given by the l inearized equatI ion

(see Kujo, 1965b). We then have
2 1+ 1'3ip _ = ai~(j~+ r- 3r - 2' .15a)

, r r R

Since V' = -r this relation also implies

(, 5Ib)C= - , r( )

Thus, on making use of the relation (15b) in the -u term of i we t ien

find
R2 2 3w

Further, under the assumpt ion that the rad ial and the vert i cal var i at i oil"

of w are represented by two separate functions we also find that w17 is

given by

wrl = t2 -tw[w - (w - (15d)

In addition, we assume that we have
R ow()=0O n(R) = - J1 vV2 ndr - Wo (I(,a,b~c)

where w is the value of w at the axis and q Is the mean value of q
0

inside R and is given by
2

R 1 R2 3 w 3woo1 nd r- - 1 bd)

o - R 0 - ' z 2

Observe that (16c) is of the sIIIe f im as (1 3d)

Further, we assuxe that the average values of w, 0' and q are equal to

half of their values at the center, viz.,

w, = 2we, 0v (o) = 20', q (o) = 2q ,(le)
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where w is the mean updraft velocity. Then, on integrating Eq (11) from
C

r=O to r=R and making use of the relations given above and setting

2
2 d w dw

R cy = w [w - a-(--7 -dz] I (16f)

C C d

we then find the following equation for y:

CL~
±~ ~ (y/ I(Y/W ) + R -+ -)y = g (1-0.5a) -v _ (q 0.5qZ(R , (17)

where q ({ =1 l Thus thc nonsteady development of our quasi-one-dimen-

sional cloud is (overned by the equations (14) and (17).

We point out that in this formulation of the problem, the flow

conditions in the environment are not calculated from the dynamic

c(quations but their influences on the flow conditions in the updraft

re, lol are included through the heat, moisture and momentum fluxes

atrross the cloud houndary represented by (13a-d) and 16a-c) and through

the second term of i in (15c) which represents the pressure effect.

b. The quasi-steady equations.

In this study we shall limit ourselves to the quasi-steady develop-

ment of the cumulus convection with the removai of riin water by precipi-

tation included but without giving rise to a downward drag on the updraft.

ihis can be taken as possible either by assuming that the ascending

current is along a slanted axis or assuming rain water is being removed

from the updraft by some other process. Then the development of the cloud

Cat be perceived as ;i graduaL extension of the cloud top thro .ih the

succ'essive ascension of similar buoyant elements originating from the

cloumd base until the equilibrium level is reached, while the decay process
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can be taken as aecompli[shed statically. This kind of development can

be represented by the steady versions (f equations (14) and (17),

namely, with the time rate of change terms omitted. For this vase it if; A
more convenient to solve for s' instead of the net upward ent ropv transport

11 Ms' Thtus, oni expandiLng dflI/dz in the stvady vers ion of 1"q (14) .1ndA
e A{

dividing by M we thtn i nd that It reduces to

ds' dS'
e C++ C(, 0 l irdz + - )s' = -- - - -- t' o - ) LY ( q- ) (18)

ZR R
2 

L! d;- c U 05 0 C 1, s o5

where j M dM/dz =) /R is the mass entra inment coef I Ic lent and

dS os/dz is given by (10a). When expressed in terms of the total eqilv.l'int

potential temperature 0e (= 0 + Lii q S/cp ) of the saturated cloud aiir anid

when both (x* and (t" are zero, i.e., when both 0' atd q' vanish at the

edge of tLite cloid and when viscous diffusion is neglected, this eqnati i

reduces to the following simpl.e form

do D

e IgLT q 

p
It can readily be shown that, when expressed in terms ot the temperature

,r, this equation takes the following form:
L + s .d Tv +  " R - A C -  4- I,[ -T + :I-- (q s-q , )

dT v R c pT 0 c S 0
.. . . .. . .... . ...------ - ? . .... .... . ..... ._ .. .... .. ( 1 8 h )dz de

1 +0.6221, s( I + - -; d-1 )'
c 1) dT

where R is the gas constant, T Is the virtual temperature, and ve i.s" itev ,

saturation vapor pressure at the temperaLure T of the e lod. Tis uxpre.;-

.ion of the tapse rate in the cloud is roughly equIv.alent to the expression

given by Stomme.l. (1947) but Is slightly more general.
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Since Eq. (18) can be integrated directly if we take the entrainment

coefficient pi as known, we shall use this equation instead of (18a) or

(18b). According to the relations (9a), (9c) and (9b), we have

aq st D
7 (q q )= ) e 5
o s- os 3TT0 () a

c T~ 0]

Therefore (18) can also be written as

ds' d

+ (+i -- si el os _ .!T-P (q s-q ) , (19)
dz R R2 ) dz c~ Os

where

- g s( + L S-T (19a)
2 T T c

(is o dO 0 Ldq 04(19b)

dz~ dz +c dz

Here c)q /DT is for T=T . Since all the terms on the right hand side of

(19) are functions T 0and p, all of them are known functions of z;

therefore Eq (19) can be integrated directly provided p'' is taken as known.

For q and D/Twe make use of the following relations:

q s --- S(19c)

e (T) =6.11 x exp {25.22 (1 -273Kl 273K5.3
S T ~~ ld

'11Ths, from these relations we find

IqS 0.612 des
(19e)

5T (p-c ) 2d

Thie variat ion of the liquid water mixing ratio with height due to



11

condensation is calculated from a similar equation In accordance with (7n),

viz.,

dq cond, dqs
dz - z- - V s - q* + (l+a2 )qcod. (20)

where q refers to the total liquid water mixing ratio created by

condensation and q* is the mixing ratio at r=R, just outside the updraft

and a2 is another constant factor for allowing the effect of evaporation

at the cloud boundary. The formula for calculating the rate of precipi-

tation from the various layers will be given later in section 4. Thus

our system is represented by (19) and the steady version of (17), viz.,

-+ (-ct'= 
0

dz + -- )y = g {(1-0.5a) - qj + 0.5 q(R)} . (21)

C. Two types of immediate environment.

In this paper we shall investigate the influences of two different

types of immediate environment on the updraft, namely, 1) the quiescent

far away environment unaffected by convection commonly assumed in most

one-dimensional cloud model- ; 2) the environment characterized by a

relatively strong downdraft of saturated or nearly saturated and cooler

air. The existence of such saturated downdraft has been known long ago,

and their cellular patterns have been revealed more clearly by more

recent Doppler radar observations, see, e.g., Ziegler (978). On the

other hand, the downdraft in the far environment is characterized by a

much slower sinking motion and a temperature higher than that of the

undisturbed state, a consequence of the compressional heating in the

stably stratified environment.
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The colder and moist downdraft under consideration here is taken

as occurring side by side with the updraft and hence its nature is

different from the downdraft discussed by Srivastava (1967) and Ogura

and Takahashi (1971), where the downdraft is directly created by the

falling precipitation in the lower part of the original updraft and

hence it represents the decaying =tage of the development of the cumulus

cloud. One way of creating a downdraft side by side with the updraft is

to have the updraft take place along a sloped cold front, such as in the

squall line type severe storms. Then the falling precipitation from the

updraft can create a downdraft without impeding the updraft. Another

way is through the outflow of the raindrop leaden air in the upper layer.

Since our simple plume model is not able to describe the details of the

development of such downdrafts, here we shall simply assume that such a

do,-ndraft is present and try to calculate its influence on the various

properties of the system.

3. Numerical procedure

As has been pointed out before, Eq. (18) can itc solved directly

when the entrainment coefficient p is taken as known. Therefore the

remaining problem is to solve Eq. (21) by making use of the values of

0' obtained from (18). Observe that, if qg is also a known function of

z, then (21) can also be integrated directly as a first order equation

for Y. However, as described in section 4, q9 is a function of wc.

Thrc'fore (21) must be solved together with the liquid water equation.

T'' procedure we adopted in solving these two coupled equations is an
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iterative procedure, which is first to solve (21) level by level accordiny

to the traditional plume model, that is, by neglecting the pressure

2perturbation in (21) so that we have y = W,. and using wc (z n) in the

liquid water equation to obtain a first approximation of qk(zn), and use

it in (21) to obtain y = w2 for the next level. After the first
C

approximation of w is obtained in this way for all levels, we then

crecalculate w from the complete relation (16f) which inludes the

pressure perturbation, viz.,

R 2 d d2w dWc 2

we _Z Orw _--- wc = -y (21a,)
a2 W( ---dz 2  c -z )

This equation is solved by Newton's method as a boundary value problem

using the known distribution of y, including possible negative values of

y above the y=O level. Here w is required to be positive everywhere

except at the top, where it is required to vanish, while at the cloud

base w is taken as known. Eq. (21) is then solved again for y, using

the w newly obtained from (2 1a) to determine a new set of q. '[he
c

procedure is repeated until y and qZ are no longer changing. In most

of the calculations presented below we do not include the first order

differential term in (21a) which contains the density variation, i.e.,

R2 d 2

Rc 2

2 d2 wd c = -y G21b)

However as revealed in a later section it is of minor consequence. In

all these calculations a grid step equivalent to Ap = 5 mb is utilized.

The location of the upper boundary for the vertical velocity with

pressure perturbation is not known exactly but approximately by the
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location of y=O, hence it is used as a first guess with further minor

adjustments made (luring the calculations to give a best fit, i.e., to

keep wc positive and monotonically decreasing near the cloud top. As

a final step thet upper 15-30 per cent of the vertical velocity profile

At the cloud top is checked by recomputing using a marching procedure,

making use of existing velocity calculations at lower levels. Typically

the only consequence Is a slight adjustment in the first or maybe first

two non zero values of w next to the cloud top while at all other pointsc

tlie solutions normally agree through several decimal places. This

small correction is made necessary since the location where w =0 is
C

usually not exactly at a grid point but it can be found from the marching

solution approximately by interpolating linearly between the last positive

1nd f irst negative value of w .

The presence of a pressure perturbation at the cloud base requires

9 9
Ihat d w /dz 2 0 at z=O. An est [mate of its value can be obtained

tit il izing a backward extrapolation technique built around Taylor series

exp;nsion and a one sided difference approxtmat ion of (21), i.e.

dy
dz + lv gi , (21*)

where v is defIned by (21b). Assuming that

I dM M R2

M dz c

Hie approximation can be shown to be

2 -dnw (l+2h) w c -(l 1-ih)w c-hBo - 2 w c w 'h+hBI

_o c "" co (22)Iz 2 2wclh2 + 1 Mi-M (l+1ih)
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where h = Az and the subscripts zero and one refer to the variables beinp

evaluated at z=O and z=h respectively, This expression quickly converge;s

an iterat2ve process which as a first guess assumes d2wc/dz 2 = 0 at

2z=O. Thus the y equation, (21), Is solved with an initial value of yo = w

and then the values of w. are found from Eq. (21b). This process is

repeated allowing for an evaluation of Eq. (22) which gives a correct i, '

for the initial v~ilue of y until the change in y at z=O is less than

2 -2
.002 m s . Then the procedure is as described above. As a general rule,

with some minor exceptions, it is found that clouds of small radii, say

2
< 1000 m, have final values of y slightly larger than w 2 whereas

2
larger radii clouds have final values less than w . In our model the

overall consequence of these changes in yo, of order unity or less, is

very small hut included for completion.

Other important quantities utilized in our calculations are the

fol lowing:

entrainment coefficient, p .183/R;

-I
latent heat of condensation, L = 597.0 - .555(T-273K) CAI. gm

-2
gravity, g = 9.814 ms ;

virtual temperature, T = (I + .608q)T;

v
and finally we used u"=0, i.e., zero viscous diffusion.
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4. The calculation of liquid water.

Liquid water exerts a negative buoyancy upon the updraft, as evident

in the effective buoyancy term, Eq. (21), so its concentration must be

computed simultaneously with the vertical velocity. Liquid water, qzw' is

really the sum of cloud and rain water where cloud water, denoted by qzc'

is composed of small droplets that are carried by the updraft and rain

water, denoted by q9,r' is composed of the larger drops that fall relative

to the updraft. Condensation loads the cloud via cloud water whereas

precipitation, i.e., the fallout of rainwater, unloads the updraft.

This unloading is important lest the '-ag force becomes too unrealistic.

A detailed relationship between qcw and qrw has been outlined by Kessler

(1969). Ifere a simpler format, similar to that used by Anthes (1977)

based on a median dropsize is followed.

Cloud water is known to increase due to the condensation process

and to decrease because of the autoconversion process which creates raindrops

aiid by collection of cloud droplets by raindrops. Thus in symbolic form,

Aqcw Aqo - (Aqw) auto- (Aq cw)cll (23)

The aiftoconversion process, following Kessler (1965), is given by

KAt (q .- a) zi~a

q cw)auto = 0 cw q a' (24)

q cw t 

Iwhere a' = 0.5 gm m Ls the threshold value and K = 1 s. The collection

term is expressed as

(Aqc ) - 5.26 x 10- 'l ( q0.875 At (25)

e = "H (CW rw

Ri iwa t er Jic reases at the expenst, of 'loud water and decreases due&'
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to fallout, thus symbolically.

Aqrw (Aqcw) auto + (Aqcw)coil (Aqrw )fallout (26)

It will be assumed that the fallout rat( is proportional to both

qrw and the terminal velocity VF9 so that we have

(Aqrw )Fallout = XqrwVF A t  (27)

where A is an empirical fallout coefficient whose dimension Is I/length

and hence it is often written as i/lI (Anthes 1977, Krietzberg and Perkev,
-3

1976). Here both qcw and qrw are expressed in gm i and the time stt-p

At is computed from Az/w. for w > 0.005 ms- 1.
C[

Following Simpson and Wiggert (1969), we take V F for the mediin

size rain drops as given by the following formula in terms of (i rw

5 0.125 -(
F rw

The rate of precipitation, PR(gm s m 2) per snuire eter can he

computed using
N

PR = F At i VF(Aq rw)Fallout/t (29)
1.=l

where At. is the time since development of the ith n,,er of thickness1

Ap and

= N
t =  At.

i=l L

is the total cloud development time. It is customary with plume models

to equate totLl cloud lifetim_ and development time.
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. Discussion of Results.

In this study the characteristic properties of cumulus convection

are investigated by the use of a simple quasi-Lagrangian axi-symmetric

steady state model based on the two-dimensional vorticity and heat equa-

tions which include the effects of both the pressure perturbation and the

iuifluence of downdrafts In the environment. These equations are reduced

to one-dimensional forms by integratLng them from the center of the plume

outward into the environment. The entrainment terms of Stommel (1947)

ii which the interaction between the cloud and environment is represented

1% an expression inversely proportional to the cloud radius are recovered

in this manner. In our formulation additional terms are introduced when

ne.rby enviroxrnental temperature and relative humidity profiles differ

trom the undisturbed state far removed from the cloud. These relatively

nearby environmental variations owe their existence to the updraft and

their inclusion into the model's physics is distinctly different from

the lateral mixing utilized by Ogura and Takahashi (1971). The influence of

the compensating nearby downdrafts, transportc.s of hict and mass, upon

the total cumulus convection has been shown to be of major importance in

,,veral observational studies (Johnson, 1976; Nitta, 1978; Zipser, 1977, L
ot hers). According to Nitta (1978), during the active stage of the deep

cloud olusters strong downdrafts exist with vertical velocities (ampi I tntlds)

.alout 40-50% of the adjacent updraft s.

Two different undisturbed environmental situations arc investigated

by our modet, namelv, 1) a potentially more unstable environment repre-

.ented by mean Gul f of Mexico hurricane seaison tempera ture and relat iv,



19

humidity profiles (Herbert and Jordan, 1959) and 2), for later consider;n-

tion, a less unstable sounding In the middle Latitude. Fig. I illustrates

the potential (solid line) and equivalent potential temperature (dashed

and dotted curves) of the mean tropical sounding. 1(,o 0oE curves are given

in this figure, the very small differences between them are due to the fact

that, in the dashed curve the latent heat of vaporization is taken as "r,--

-I
stant, namely, L = O00 cal gm , whereas in the dotted curv. 1, = 597 - .555t

is used, where t is in OC, and the latent heat of freezing, 80 cal gi,-  is

also included linearly between -10 and -400°C. Fig. 2 shows the vert ical

derivative of the entropy S for the constant L case, which appears as :i l irc ing,

function in the perturbation entropy Eq. (19). A positive contribution by

this term is indicated below 595 mbs. Unless stated otherwise all figures-.

refer to calculations using this mean tropical sounding.

Here we shall present the results based on (21b) first, that is,

with o = 0. The cloud temperature excesses obtained from our plume

model for a cloud with R = 1000 ni are illustrated in Fig. 3. Here the

dashed curve is with moist downdraft while the solid curve is without

moist downdraft. The relative humidity of the downdraft is taken as 95

per cent. It is seen that the downdraft air is cooler than the undis-

turbed air represented by the mean sounding and as a consequence the over-

all depth of the cloud is reduced by ne.trly 60 mh in pressure measure.

As shown in Fig. 4, the corresponding reduction of the vertical velocity

is substantial. Both of these chano-'!, ire the results of1 the reduction

of the buoyancy, which itself is directly attributabl, to the fact that

even though the moist downdraft tcmp.,rature T is lower than the tem-

perature T of the undisturbed envi ronment, the virtuail temperatur,0
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perturbation (Tv -' v ) is positlve on account of the higher mixing ratio
dw oI

of the moist downdraft. This tendency can be reversed if Tdw becomes much

lower than T0 . Our calculations show that, for the same temperature and

humidity distributions, the influence of the downdraft on the buoyancy

decreases with increasing cloud radius and vice-versa. These results

are not significantly affected by the presence of other physical pro-

cesseS such as evaporation at the cloud boundary or inclusion of latent

hlout of fusion, as illustrated by the dotted curve in Fig. 2 and dashed

c,rve [n Fig. 5, respectively. The latter effect is introduced by

incorporating the latent heat of freezing linearly between 0 and -10 0 C.

The consequences of environmental compressional heating upon cloud

%,tenti.Il temperature excesses when no nearby moist downdraft is present

are displayed in Fig. 6 for three cloud radii. The solid lines represent

the cloud perturbation in the absence of compressional heating. The

,v(tm;)LI effect, as revealed in the dashed curves (with a=0.4), is to warm

the updraft especially at upper levels. The vertical velocity however

is reduced because of the net reduction in buo'ancv due to the term -a/ 2 in

1,. (21) that more than compensates for the enhanced cloud temperature

cxccsses. This is clearly seen In Fig. 7 by comparing the profiles computed

witi (dotted curve) and without (clashed curve) compressional heating.

For a smnll radius cloud, R = 500 m (Fig. 7), the large changes in

the vertical velocity dlie to compressional heating dwarfs the influence

di to pressure perturbation. The latter causes a very minute reduction

as indicted in Fli,. 7 by the differences between the solid (no pressure

pertmmrb. ion) and dLashed curves. flowever, increasint, the cloud radius to
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5000 m substantially enhances the role of the pressure perturbat ion ,

that these two Dif luencs become nearly equivalent in importance. TIL-

effect of the pressure perturbation as revealed in this figure aid in

others, shown Aid not shown, is to reduce the nagnitude of tile vertical

velocity, to shift tihe maximum vertical velocity, w , dowliward ;1rI to
mIx 

f

slightly increase the cloud's depth, as can be seen from ; compjrison

between the solid and dashed or dashed-dot curves in Fiig,. , while the

dotted curve illustcates the influences of compressional heating in the

environment. The distinction between the dashed and dashed-dot curves,

both of which contain pressure perturbation, Is that in the latter the

o term in Eq. (11a) is included. The influence of this term is to,

further reduce the velocity by a small amount except near the cloud top

where Wcis enhjnced by it. The value of w is only slightly d(ecrea1sed

but shifted upward in this deeper cloud. The general trend with or without

the inclusion of this first order term is much the same hence this term

Is ignored in most of oar calculations. These conclusions abomt the,

pressure perturbation are in major agreement with those of Yan (1q79)

obtained using analytical models.

Holton (1974) has found by the use of an one-dimensional Fulerian

cloud model that for clouds with radii greater than I ki, the pressure

perturbation substantially reduces the growth rate. Within the frame-

work of our Lagrangian model iL is not possible to compute the growth

rate. On the other hand, another very Interesting effect of the pressure

perturbation is revealed by our solutions, namely, when the pressure

perturbation is included, w achieves its hiphest value when the clod tLiditi, i ;max
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.I -it 6 kill wlire;v i in he absen .C 01t te pressure p ertiirb t iif onw m

i ccc ie Ihinonu i (-,I IIv withi inc reas long rad i us, as can be seen from the

,I id :i id t hu (Ii hed cuirves in Fig. 9. Our result s alIso Show that smallI

coids are oly sY- I ight I y e f fected by the pressure pertiirhat ion but , as

rc~idv, knowni pre-(violly , are great] I v nf lienced by the entranment ef fect

(-It is j nve rse I v 1p ropo rt iona I t o the rad inis ,whereas for I arge cloud

hie revc rse is- t rtile. Thus the presence of the optimal c louid size when

[ii I h-seWO fIr tors are taken into consideration aippears to repro-

.1 i b1i oe between these two opposing ef ferct s

lie i lmpt rlinlue of- the in it ialI updra ft rai us and velocity is shown

ii [Vi. ii0 for three vertical velocity profiles computed isin!, aI

colit'Iut miss'- flux, M: w C'R, at the cloudl base. The three profiles

di frer considerably -it hi ghe r 1level s duie minly to the entraliment

p r 'ceSSe'S, thius id i';:t ing especially the i.mportance of the proper choihe

the upd)(raft caldins. SquiL]re and Turner (1962) in contrast dlid not

i iiii this lre var lition mainly due to their use, of the theoretical

_'iirit-itd eivi ronmeiital sounding. For rad ii mlST .b hrt,,r than those

',is id~e red lie rc, 0. ., R I 10,000 at, the. importance. of -nt riinment is

ripiccd liv tlhc importLance of the pressurie lierturbit ion, and in contrast

Ithe result s ini Fi . I10, the lairges;t raidius clouid will have the sinaIlest

v. It cl vclo.- Uv Ix mum. Nevertheless, the larges;t c louid will have the

Mi iv p~rev i ois inuvestI iga t ions have at temp ted to account for the

Ii linue oif thle pressi-ure perturibation by iitil izi ug a rucdgravity,

i--.in the yertical velocity equation ), is, replaced by g/l0+0) wherke
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directly by integrating the traditional vertical velocity equation using

Our compu~ited vel orities. T1he vertical profiles of the scaled perturhat ion

prcssure, it* =if - iio, where 71 is the ratio of the perturbation pressure

divided by environmental density, is found to be negative at low levels

an1d positive near the top of the cloud as shown In Fig. 15 for cloud

rad iA o F 2000 (dot ted cuirye) , 5000 ( dashed curve) and( 10,000 m (solid

I i tie) .The unknlown c'onstant of Integration Tr was ass igned the value of

i it 400( nibs. 'e slope (if each curve, I e. , l71*/:iz , idiates the

Lrgrr o whir h thle buoyancv Is aldjutst ed by the non-hld rost at ic pressure

prrtit Lon. Posit lye slope Implies that the buoyancy is reduced whereas

If':La t lye slIope iod [cat es an enhanred buoyancy, as found, for example,

iilr,.r thle c-loud top1. The Sa lent II L . , if * prof Ile, not shown , cont.- ins

urgat i ye s Lope between 667.64 and 472.64 mhs. showing that the pressure

pert u rbat ion,* in part, Is offset t ing thle redLItiction in buoyancy caused Lwv thle

ab I e I avers -ound in thle sound ing betweenI 7*32 and 572) flhl)

tin Fi1g. 10 thle pert iirbat ion pressure pro file i s di spl ayed fIn tie

. f o rnmt as,- ii * above. Note the exceedli ngl v' 5:Ii Ilies of less than1

0. 2 nb1-s tor It = 2000 111 (dot ted I lt') and the Lreposit iv ymiad negatilve

vi I it,!; at thli cloud base nd top, respect-iVely, for a1 ca;d in Of 10,000

fit ( solt flu Iie) . Al so, withl compreCSS ea Ihea in (dashedl-dot curve),

lirreL i.- :) !;I i gui reduct ion wheni compared against tie( uo comrpress ionalI

nitAit lugeast', aIs represel ted by the dashied curve.

Vertt i!() profilIts oit thle a1verage l iquid %wate(r con11'L'It 1rat Io Oi tor

CIOM 1oi cadii (11 5001 (dot td curve), 2000 (daished CiVe) *oid 5000 11~1

im.) , .11tl i' t lout, are, shownl in) Iig. 11. It i.; seen tha't aIssocited
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with increasing cloud size, and hence larger vertic:al velocities, I,; th,.

upward movement of the maximum (Im W Loward the cloud top. A similar trond

is not clearly evident In the fallout rate within each 5 mb Interval as

illustrated in Fig. 18 for the same cloud radi,. Except for the 500 m

cloud (dotted curve) the fallout rate is a maximum at nearly the middle

point of the vertical profile. The total precipitation rate, for the

tropical sounding without ice phase, is 1.57. 4.73 and 5.17 cm hr- I for

cloud radii of 500, 2000, and 5000 m respectively. The addition of thte

ice phase will increase the precipitation rate to various degrees, romuchiIv

10-25 per cent depending on details of Its inclusion. fn these ca!- t

culations the constant of proportionally A In the fallout term, Eq. (2,

is equated with R for 00 m i< R < 2000 m and X - 5 x 10 111 foro

R > 2000 m. The Salem Ill. sounding, with an ice phase inserted I inarlv

between -10 and -400 C and with A 2 6.6 x 10 4*l , produces Ipreci!ittiol

rates of 0.69, 5.34 and 5.79 cm hr-  for ,loud radii of 1000, 2000 and

5000 m respectively. The large increase between 1000 and 2000 m iV;

due to the fact that for the larger radius the Cloud is ible to poelct r.ti,

the stabLe layers and reach a considerable height.

It should he pointed out that the precipitation rates given ihove

represent the average precipitation r.ites for the deVeloping period of

the different types of clouds only. If. instoad of decaying, t1 deep

cumulus cloud and its circulat ici -emain in a semi-steadv !state after

fully developed, then the prepi pit at ',,' rte can be much hicihe r than thit,

values given above since then almost 'IIl the water v:apor comin, i lit o

the cloud through its base and sides willi be prcci pitated.
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6. influence of cumulus convectionl on the mean properties of the

;it mosphere

We have illustrated how environmental factors near the updraft

Can1 inlflueCe1 the basic cLoud properties. The reverse process, i.e.,

thle net- effect of ,;hort lived cumul us convection upon the thecrmodyniamic,

meoistuire and momentum structure of meso and synoptic scale systems has

been recognized for years;. Various parameterization techniques have

beenl i illroiluied to incorporate the ye r-t iC1 cadis t i lbit LOens of condensation

heat-iug aInd momnent-um transfer into the large scale flow, see, e.g.,

Kuo (196'), 1974), Kreltzberg and Perkey (1976) aInd Anthes (1977).

IL is well known that the overall effect of cumulus convection Is

to wa iril i Ls su crorind I gs. The contribution to the mean hecati ng from aI

sieIecloued is from) tile combinat ion of the latent hieat aind the upward

ran.aport. of sensible10 heat. We want to compute thie mean hea.tiTug rote,

p/, roducedl b Lite cuntil us convect ion, inclIudling hot Ii the effects of

lilh' compreL's onal heat iug inl the far environment andtiIhc efftect of the

tue 1st and cool downdra ift. Let uls represent tih lt el hI titpdrift,

mireIst downd ra ft ;intl far away downdraft by A , A n I A1  respect lye I

.I Id iLt the vt -1calI velIoc i LIes I n thliese a reas lit w, , w, 1w mId w~i Th'len

th lcornd it ion of zero netL vertical 11055I tIIix caIl 1- t-ketlI is

A,,w CA -ilAwWdw + A\dwt =0, (30)

where the in flurence of the difference In dens ity inI thet (lit ferenlt areas,

hiS)! beenl disregarded for s implicitv . Further, we shal ex vpress w1  Ivnd A

a , aid At of tile clotid updraft by, Int rducing thle non1-

io :ivc t:ict ois (if prepert lena lt x,), I n]Ill ;, nIl v il thell a1s
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Wdw -a 2 w ' 0dv = aO,', A(,,, kA. (II

On substituting these relations in (J0) we then obt a in

A dw d(I.,AAdd = (1 - c 2k)AcW c . (L

We consider that the heat ling effeCt of the 'tllul0lI US convct ion in IIt

layer Az is produced by the fol lowing t hree di t tvrent plocesses

i) the tiet upward transport of sensibl c e heat i ito th is layer in, id, I , ,

Zlild ill tilt' t't'1 "t e dis Vt downdrajft in the i mmediate environiment ;

i ) the compress ional heat ing crca ted by the slow descending mot ion io

the far iwiy envirorrlient;

iii) the release of- latent heat in theL' c led updrall.

Here the first two processes are directly once rned with thce sensibl, hIlt'.1

while iii) is due to tilt latent heat. We shall calcil,tt, thILest' thtt, '0111 i1-

butions separately below.

According to the relations (31a,b,c) the area avvt'.lt, of the ilupw.d

heat transport '1' ins ide the cloud and its immediat, mis t tnvir mm ,it i!;

iven by

o 0 1 (.

where
A

a . . . ( - -,
o A

2ThLIS, on using R to represent A for the axisymmetric cloud we find thalt
C.

the mean heati ng effect produced by the first process is ph viw lv

3TI = p''),4)

The cont ri but ion of the compress jona I heat ing in the far rnv i ronuren t e

the rican ieat ing tan be taken as given 1Y
T., AW d ,O 0
,.l l d . . o At

t Alr )z z '
0
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where At/it is tile ratio of the existence of the cloud at the level z

to tht, total time t of existence of the cloud. Thus, on making use of the

ri' ltioU (12) we then find

T a w A ' 0
)o c At 0( - k)-- (35)

Hi' sum of these two effects represents the total heating from sensible heat.

Wt. sho II represent this sum by DT t , viz.,

I a owc t10
A + k)--(p-) + (1 - t (36)

it Dzfl 2 I t z
0) O

whoi t, I'* is gi ven by (33).

TIe haCtin, due to the release of latent heat can be taken as

. .. t , - wC Z - ,(q* - q s) ,( 7
P

ht.'I q* is thl' vlue ol q just outside the updrnift. From tie results given

ibo(vt, wL, ld that tile total heating rate is given by

, I 'I'.
At :-_ --- (38)

wh'r' IL/ i s defined i.n (36) and 'T2/3t in (37).

Note tilt, reduct ion in the heat ing rate prof i I o !Jiown in Fi g. 19

II I 100 ]I updraft, computed with the effect of i moist and cool down-

t (lished I inc ) as opposed to that computed withotit this effect (sol id

I in,'). itre the ratio of moist downdrat t area to, the updraft area,

... k Adw /A, is taken as 1.0, and tilt, ratio of vert cal veloc it ic'.

,, I-wI/w , is takin as 0.4. In btth cases the role of compressional

110..! ill' haS be n ill('1u(idI, assunmlng that til rat io o t lpdr; It area t o

t,,t ,I ir,.i , it, . , A /A a is 0. 1. The total ses, ible hat ing profi I

I o tli, moist downdrlt (cast (dIshetd-dot cutlrve), is sli,htlv ngative at
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low levels and only slightly positive at high levels. Thus lItent )r(,-

cesses are responsible for most of the total heating. The contributin

of the compressional heating in the environment to the total sensible i heat

is indicated by the dotted curve.

The significance of latent heating (dotted curve) is shown in FIg,_

20 for a 2000 m radius cloud containing compressional heat ing, along

with the total sensible heating rate (dashed curve) and their sum, i.e.,

the total heating rate (solid line). Note the importance of the total

sensible heat contribution near the cloud top but otherwise the heat inf

is due mainLy to latent heat. This peaking near the cloud top is

even more pronounced in the 'cloud' sensible heatiug rate (dashed-dot

curve, Fig. 21) for a 5000 m radius ctoud. The magni tude of the nega tiv

contribution at lower levels is also fairLy iarge but is considerably

diminished provided the posit ive contribution from comIlpress iOna] heat in. 

(dotted curve) is added to form the total sensible heatjng rate. The

importance of compressional heating is revealed also in Fig. 21 hy the

difference between the total heating rate computed with environmental

effects, a = 0.4, b = -c /i,, (dashed curve) as compared with the 'cliouliP

tot al heating rate (solid line). Note that this di fference is smaller

in magnitude than the contribution from compressional. heating itself

(dot ted line) . The reason why is bea-iuse compressional heating also i,,-

diies the vertical yelocity, theri.tbv reducing the local rate of latent

he it released. This effect is iltustmaici furthev in Fi g. 22' for LhI-Ve',

different c loud raldii. Some measure of tle incraise ,f the, tot.ii lu;at iug rat c

wih increas fling cloud rail Ins call also bt, gaitlel by coolninpIisons betwen th, ;(Io iI
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curvcs in Figs. 19 and 20 and the dashed curve in Fig. 21. For cloud

of radius R - 1000 mi the LotaIl heating ratet milXimum i, Iocated lneal-INv

midway in the Vertical prl ile, buL it is shift cd upward toeward the

cloud top is tih ridius is intreased.

We have shown that t or la rge cloud rad i i, c.g. , R - ')0(0 m, rim-

press tonal heat ing inc reases the total heat ing rate. This concliusion is o.,

vi Iid f o r cloud rad i i o f 2000 and 500 m (not shown) , but ob vi ouls v pr-

po t ionally less. lor the range of parilimneters considered, ht ro It'

the moist and cool downdraft is found to increase the sensible heat t ians-

port 1* (Eq. 33) slightly by the addit ion of th. LSmall posit ive I.t cttr

(-0 .,ak) In 'T* but also shown to reduce the verticl Vt' oitv, so t hat tlier
0

is some net reduction in the total heat ing rate by th is el fect

It should be pointed out that the expression (37) lor the helti....

-ate from latent heat is based on the total t'oidenslt i oil rate,. When.

tile cloud dissipates, the liquid water carried by the cloud wi II re-

evaporate and therefore the mean net heating rate 1rotdice by tie c lolud

hduring its whole life span should be given by

'IT I, 11 A Lq(e)
t.qwe + r - ju

Sp

,,her qwM stands for the amount of liquid water re-evaloirAtd into tlc

,nvi ronment . The rate of moistening of the atmosphere is pi.ven b

q 0 A ( eCi
_ -= - (q - + q ) ('i0)

t s o w

I"'ccn,',e of our lack of more reliable knowled , of tilt' i'e;lat ion b'tw'cn

(e)
thii..' Il (1t tpe lnd q]tj w tile in tI 1tenct' ii int-evap llorai i on o I lit lnoud



wate r into tile enivironment his not hbeen i iw' I tidued in 11ii (111 ,Ii it i ons vet

It we aissuime that all thet, untirecipit.itt-d 1iqujil witur ilrips in te c'l.ud

re-evaporated into til environment at tilt' s -ame level ;- tlit occuir ill t li

cloud 'is the cIloudtt '~ipts thenr a k iriger co;Ijg iI1ta;kc rI i it

the cloud top than it !w levels as, !ie In-t tul di -si 1 .it

It is evident that the var ious area IMean Lt I I'(t -,p Ituoe I v ,i ;I,;

tVJpe 0! -Cumul us k- inl he -aIxulateud bY the us.- of- tie "loudti'' I 'i 'Vi h-d

thle areai rat io a 0 ( A C/A ) aind the oilier phivst *i! p-ir.i'iett'rs iretnon

klivious Lv, a model c-loud representat ive of the iverivc tOnId it 'tli.111 .1 1

be eols true ted hY v t' nhin ing a number of c1 touudS of di t I'Cftret r- idi i H 'It

hea- t ing and trinsporting influences of such :i cloud ,m li e . ht intil I i w

those )I tile individual clouds by ass ignling p~roper Wtii glt iih' I f.]cttii'!; toa it-!

The use of' the meain staibl) i ty andI hotind~irv IILI avrpit it en r

it mos pe Iire and I, irge - an (I meso-seal Ic I if t in g t-o cIttv ern i ut' whtet it i mit ItI

:-onve t ion wil 11 occ ur or not in the rei' ion, and to0 ,s-c tlit' I urc' uo wi;,'-

Seal ItC ne t convergoncut, Lof moi qtutre as- th Ili tasurt' ot' tIlk li iv.'it' iondl';t 'Ii

r,i t in sucli sYs-,tem ns u s 1) rol)(ISied Iw b ltt' I i I-S t unMtluor) ( '\110 IqtI].)

St IIappear to0 he the proper road fo r t lie. pa ramait i , t'tn'e!;t'nt at tn L ol I t,

t ine Ind space average' heating ef feet of ci''uiultus u'onvt'u t iotn. tlowt'vt'r thei

q1!eqt in of whether cumulus convect itrn will itecur ait a Pc iven Inc 11 itv 110n

.g ien time t' an not he answered by u i Iiz Inig lar1ge ;n'a It' p1011* rt It';; 1t,.

The problem is comp] i cat eti furt her bv thle f ac't that , ci' iuuI u cunivk-' ti on

of thle nature of overt urn ing and hmence, it rest rictedl it) a smal I I rug Ittu, it

anii occur only onct, aind after t'omp let ing this proucess tlit' st ';t if ictat ionu

will become stahle :int thle mo isture cotntenit exhaiuctetl Onl tilit, tit lit'l,111dn

I the convect lon) tijks ain organ izt'tl fourm wit ili at'tnt juiti; !;;ppik If



Ik I' I I-11 Io ir .nWlV, SuCh is t hose it) th It(, ieso-sca It, sto)rm,;, thlu

ii, ;v-, ten cm ci havc a uch I ,tger 1 itf. 1Kv i d12n I v whether ;uch ai system

I Ie h k rcaled ill. givenl rcv.. ion or not can onl Iheb dete.rmined Lu.' ,tiid%- i

I,~'t ck 1-. 1 i l:t i , nlill ( hie rmcviam i c Cond i L i olns;, and( not 1,y is in tit, the oaui

., caiILe strat i t ica Lion and t ransport propert ies alIone.

Ili vito.: oI tt iny uncertaintijes couic-rnin the averagek heat ing et Oict

1111111 iuts collvtct ion , itL appears pre ferable to determ ine itL by aI lesl= in1-

*. 1itipl It, lilt, thod ra their Ithan by the use o t-a deta i Iled mode I . ne s i mp)

is w. nt theL %10l ica Ifistr i 0o1o thle p)otent ial tcfliperaltnre e XcS

I r , -t' l beu oy 181)) as, tile vert ical ai i 1 ti I 1 (0 oi 0Ith

:, I It ll oiipi i c Lit' o t,.ta Iheat , p~r ti I L'sL in1 iit ic I

I V %1; W; I kl i. It L, i rsc e t t han il 1000 mn w it ii I t lk, I si) Ott ti1)t I

Iit tit lro i I c 1 11 1 i ih we. -;e tl;tL t hey aiet i rI vo ; ii Itr Ito iiI

I. inlit it inc" tha. t tilt Ii-tribllt ion 0t theL po0tent iii t( iijip'T.i1ltiir. e 1t-:

il Ilk j'C1 j.- ao xts i l ippr'xi tio nL t tI c t' t t k ii I t t r i t ii i

Ii I i Ia I i tiI i t i -V tII

Imid~I t iith, v".

- : o i i r 1 )1i ' v . i, i i;1
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7. Summary.

A quasi-one-dimensional and quasi-Lagrangian steady state mode i

which takes into consideration the influences of the pressure perturba-

tion, vert[cal density stratification and nearby noist downdraft on fht,

axisvrmetric cumulus cloud convection is obtained hy integ-r;t il, the

combined heat atnd moisture equations and tile aZimuthal vort icit v'qu;)t it

Crom the cloud center to the outer edge and utilizing vi-lfous entrain--

ment considerations. This model shows that the influence of the prt..;surt'

perturbation is p roportional to thL' square of the clold radilus and hili(

it is small for small clouds. This model is used to investiga;te the

v riations of tibe varLous cloud properties with the radius of cloud

under two different environmental conditions, one is for the potLL i.A11%

more unstab o And more .smooth mean tropical atmnosplhere drin , t ie

hurricane season while the second is for a less unstable middle lat ilude.

environment with prominent thin stable lavers in mid-lower troposphiere, i

lFurthicr. two di ferent kinds of cuml I us convect ion are considered,

namelv. A) is ct the form of a s imp 1e updraift surrounded by the almost

unaltered tar environment, either with or without a feed back from

tile complessional huati ng in this environmon nt, wlhil e B) Is with a nearlv

saturated and cooler nearbv dowudraft, as is often obserVed in tlit' cloutid

clusters in tie tropics. In this I atter case thbe cloud is not infln.nceui -

by the far environment directiv.

It is found that the pressure, nerturbat ion in tilt c- lod .'in roih

from + 2. 5 to + 7 mb at the cloud base ,uid the, cloud top .s the r.idizs

of tilt loud increases from 5 km to 10 km but i, smilI1 for clotd rid is!
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l ess than 2 kmi. Further, the magni tude of the perturhat ion pressure is

reduILced by thle inclusion of the temperature feed back from the compres-

s ion;] I Ilv lhea]ted environment.

SinIce the temperature equat ion (18) involves neither the pressure

nor Lihe ve rt ical velocity, tile pressure perturbat ion has no direct

nfU[tICuc oil thfe cloud t empe rat ure excess. On thle other hand , thle

inc ius ion of U he pr-essure, pe rturbat ion reduces the yer t ical yel1oc ityv in

th010 u *a i t mus;t since pressure pert urba tion t raunsmi ts energy to

tij euiv ironmewiit. Oute interest ing and possibly also important effect o f

ht Ip' )reussutire pe r tuir bait i on i S thIaIt i t g ive S ri Se to0 an op t i ma I clIo ud ra d ius

Of .lOuL 8 kill, corresponding to the highest val ue of w Ma u nder the

t u environm11enlt, While Wi thout the pressure effect W increases
mna x

11 1Lo011LicalII v w ithI inIfc reasiniig R Il

The influencle of thle densitv str;itificaut Loni is to reduce w slightly,

low1 the" IOt- eve W of ind to inc~rea,,se w above this level and also to

til m,'t'e Cloud dlepth sllight iv, but thle total. influence is not

p rom inct . T hc res u It s- show that,* for the norr t ro pil a tmosphiere,

[lic- I loud proper! ies change gradual Iv withi thet cloud radius, while for

Llit, is n sLi a e env ironmen t w l.t il prominent st able 1lavers in mid -lower

- tl rIosjilict-c, tlt' louo~d properties tchange abrupt lv ais the cloud raidius

it), ct lt ror l L~ hau to larger than 2 kw,, reflIectinug thet inhibit ing

inl 1I t' Ml tit he ;i.i10 I t111 o s ii ver inl mid-I OWt-r tro0posphere on thet

iI -i o l iind that flie, prt-nictc of a mo'is! butI coo I er collvoc ti-k

I i i.. t Iihe updtrI I nd tin cloud depth. It Aso5
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augments the prcipitation rate, especially for the smaller cloud.

The heating and moistening influences of cumulus cloud convection

on the large scale atmosphere have also been calculated by the model. It

was found that the main part of the heating is from the latent heat b L

compressiona1 heating of the environmental air is also of importance,

especially close to the top of the cloud. On comparing the average heatinc

rate with the potential temperature excess 6' given bv thi ,ulu I

we find a close similarity between them for cloud radius larger than 1 ki.

It is therefore concluded that 3' can be used as a rough approximation to
c

the vertical distribution of the average net heating, effect produced bY

cumulus convection in the parameterization scheme. Of course, re.stults

obtained from detailed calculations from the cmlod mode catn al 1W ,nsed.

An equation for the vertical mixing of the horizontal momentum by

cuwulu3 convection on the changc of the horizontal velocity has also been

obtained.
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Appendix: List of Svmbols

r , ) rad iial distance from the axis and altttude

u W radial and vertical components of velocitv

m mean vertical velocity of cloud updraft

P 'T , . pressure, density, absolute tempernture, potential
o o 0

temperature and water vapor mixing ratio in the undisturbed

environment, all taken as functions of the nltitude z only

( sI ) , q': mean values of departures of the total pressure

p, temperature T, potential temperature C, and water vapor

mixing ratio q in the cloud from the undisturbed values p,

0 and (I
t {) o

I T (1 + 0.009q) : virtual temperature of moist airV t

V ii'l rtuti potenti l temperatureV V

)specific heait at constant pressure

1) is onstant of dry i; i 2) rzadius if cloud updraft

1 I /000' 1 .b ,/c

t,'I (I sattirat ion mixing rat to at tempera t ire c cloud and at

tciupe rature T oJf environment0

("= I ') -q s

* I -q+(q I ifiid w.iteL a xinp rati o in cloud updrlft is cloud

liquid walt or mixing rat io alnd (I is Ill ix i T l IIt i o o rlaill water iln cm ,

I a llt I ie I o I f 'Ilden s:t t i vI ii i 1 . i ;I ,;kl i llc I dt' the

I it ,ut henift ,f tree;z it,



I' v I, I I .*'

I

o!; I. I' OC::

vt . l I it , I i " IV llttI I c t

'I

, t I It i c' (I t ii\' ll( ot c[,ll tl i I t'tll ht , IN

. I" I ti I' I tl f t w

;j, i.l t t. I "l i l tt I 1i. lld Wl i

-'1'I , I 1 : 1il V .;1 I i I I i o 'll (i l ~ '11 t o fj l '. I / ;

:;.lIt t .Iit i It I .i I Ilt

A I Ic- t, Ii i~-td I i l t l i I it i t

Iv II I Ill
;  

11 V t- tC V .1'it d I o t

1
' t~~ ~~~~~ t' .1 I (i , , c' I , I 't ~ ',.l~ll ~t ' ' l

lI tI, :; : * ill, l I c11111'1 1 it I I' l -, t ]i l

,4. .'' ' l * i ' l ,Il I' d " ll-, I IfiI t'l I ' l

.11 0; 1 1(.ll I lt fl t ; lt 1I .lil, t w tp

Ii i. :i~ I ~m f ~ I,. ) ol I l IlVllt I ,I I v, v



L i s t of" Figures

F i g. I . 'rof F i I c o I e lv i roinen tal11 poLe it tLilI t eipt ra t 1re 0 (Sol id I ilt-)

anld equlivallenl t 0otet ikil temperaitutre 0 (dashied and dot ted I ines.-)

fl- theC mleanl (4n I f oIf MeXiCO hiILtuirri -ae leaoii sounding. In tile

dot Led( turIVe var it Ilon of latent heait of Vapori zat ion With temt-

pet-aIttire is, a I owed intd latent heat of freezing is inc luded linearly

hetLwei -10"' ;Id -40~ c

F i' %1 Vt i -a I ptfl I I oF IS S /?k'z f otr tile t rtpie a I Sound tug in F ig.

C. I loldL teiitpe 1;l L11t-e e xceCsses f-orI ll insl R -- 1000 111 w it 1i ( a = -0.1 lv1) 0 002 ,

dasIh"i c it i-vc) ntid w i tlitoolt ( a 0 . 0, SO' 1 itd I ilwc) flto ist dowlldraI~ IFt ctooi Ierh

tl;it tlt - tIld I St r i but ei aI ii.

l. vrt-ti ta] I ye l ot i t V p)ro fil es f or c I old I-ad fitls R -- 1000 In w it 1i

(4tnitd (-trvc) Iild w i t iouit ( sol id litie) moist dltwildraft-. 't

lotL t'tl c ii k' t I t,- i lt- ; liee -L1W SnIa I I aIdd i t 1 i 1ll f u I ItlelIe 01f e'Vaj)O I-ai t Oil

I :tt t lie, cI otlid htiiida r v (a1, 0 . I 5 ) 1 ot t liev dowildt It ta ck

l'i". S;Itt' cloudit in ' g 4 elxt-op1t show il! t!"Ii' ldit im'1:I inf I nti1Ce Ol

I lit, IIt tillt lt, it ofl his ilt tipoil thle velt 'I I vt Itt1tv. Ilashtet cur ive

i ic' I tItitc t It II ie"I t o f t ree', lig wheit-s t lit' -,tI idtl ' dIOts lit

nI i d I ilit) No ilea rhV tilt) i s t tlt'wntl tt



19

Fig. 8. Same as Fig. 7 except for a 5000 m radius cloud. Dash-dott ed

curve is without compressional heating but with both the a term

in (21a ) and pressure effect 1Ci luded and is to be compared wit i

dashed curve.

Fig. 9. Variation of w with cloud radius with (dashed curve) and with--

out (solid line) pressure perturbation.

Fig, 10, Vertical velocity profiles for 3 different cloud radii takinlu,

the cloud base mass flux as constant. L) w = 2 ms - and R 2000() -f0

-1
(dotted curve); 2) w = I ms and R = 2000 m (solid I e); )

w = 0. 5 ms Iand R = 2000 x 2 m (dashed curve).
0

Fig. 11. Vertical profiles of gravity reduction factor , for R 500 1

(dotted curve), R = 2000 m (dashed curve) and R = 5000 m (solid

line).

Fig. 12. Same as Fig. 11 except for Salem Ill. sounding in Fi,. II.

Fig. 13. Vertical profile of DS /z for a 1800 C.S.T. Salem 111. soundingoS

(8/22/75).

Fig. 14. Vertical velocity profiles for 1 radii obtained wih th e Sal em,

Ill. sounding. Dashed curves include pressure perturbat ion, sol id

lines: without pressure effect.

Fii. 15. Variation of perturbation pressure to dcnsity rat io n* with

height. in cloud for mean hurricne st';)son sol lining for ,'lowd r lii

R 20()0 (dottcd curve) , R 5)000 (dashed curve) nd R I) 0,00(0 mI

(solid line). No conpressiona l h1 ;t in,.

Fig. 16. Profiles of the perturbation prssu le plotted in th, a t'

formit ;Is ;r* ill Fi 1 . 15, wilh lit. addi i n ol tilt' dsI.hed-dot ,'ur'

computed includiing compressional heat it, for i 5000 m cloud.
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Fi g. 17. Verticail profiles of thle 1 iqu'id water concentration, qv9 , f or

c loud rat! i i o f 500 (dotted) , 2000 (dashed) and 5000 mn (solid curve).

Fig. to. Same as Fig. 17 except showing the fallout rate within each 5

mirb int~erval .

01

anld =0.4, -ornpu ted with (a- - 0. 1 ,b=0.002, daished curve) and withbout

(:a =0, sol id) mo(-ISt downdraft . The total sensible heating profile

s indL cattid by the (Iashed-dCot curve and the contribution of corn-

siressional heating by the dotted curve.

Fig. 20. Vertical profiles of the total sensible heating rate (dashed

Curve), the IlatentL heat ing rate (dot ted curve) and their sum

(solid linve) for a 2000 m cloud with comp ressijonal heat ing (a =0.4 h=- 12

Vig_ '21. fleaLing, rate of a 5000 fi clu.Dahdcrv:ttl itn

r;ite With COMPre-ss ia heiI in j vi romulot anid ;1-0.4 , b -c !L7,

Sol id! Curve: toL:1I heaiting raite produtcedt by cloud alone; Dashl-

diot te cii (lve: 'cloud' sensihble heat ing, under influenice of comn-

p ress iovil heait ig in mv virenctt lott I curve: cont ribut ion

from comp ress ional ivhat ing in e nv ironmen t a 1 ieoc

Fl g 22. i t hufes tle l ocalI ra te o f laten t heat ing f or 3 d1i f FOIret lou11d raldi i W i t1

0(a 0. ', 1, - C p/T (l'as he (I curve) 'Ind wit lIout (aI 0. 0 so!I i d line

compresiu ovial heatt jug, without moi1st downdraft.



50

150-

250-

350-

450-

550-

650-

I

850-

950 300 340 380 420 460

(OK)



42

0

100-

200-

300-

: 400-
E

c 500-

cn 600

700-

800-

900

1000
-04 0 0.4 0.8

aso

-u.I~t V V.V



43

C>J

LC)

T CJ

(q ) ana a



44

-E

.600

~C.\

.C)0 0D (D0)C
LO U) L LO U-) LOIO..

I.i Boq- L -
(qw) anss@J

I. Al



45

350-

450-

-550-

~650-

c-750-

850-

90 2 4 6 8 10 12 ms-I

wc
Fig. 5



350-

- 450- =00

S550-

ca 650- R= 500 m

750

-6 -4-2 0 2 4 6 8 10

0 )-



550

E700-

750-

S800-

850-

900-

950-
0 1 2 3 4 5 6

Wc (Ms~



508

50

250-

E450-

S550-

750-

90 4 8 12 16 20 24 28 32

Wc (m S)



4 C)

C~I.

I 0o

(Q

Lr) ) L) C LO C) O C

Cl~E

/O



50(

50

250-

250-

-450-

S550-

0- 650-

750-

850-

0 4 8 12 16 20 24 28
W, (MS-1)

I-iWl(mM.



50

150_

250 1

E450-

550 I

~1650-

750

850

9 5 o\

950 K



5j 0

450 '1

250- -

650-

-1.5 -1.0 -0.5 0 0.5 1.0 1.5



E8500

UC

900

10 00-0.6 -0.2 0.2 0 6( 0 4 M 1

8 S4
Tz

Ai ii.



54

50
R R5000 m

250- AR=2OO0m

~450-

C)

650- 7

850
0 4 8 12 16 20 24 (m§I

WC



C,,

EE

ii E

ICD
I')

I g

I.. _ _

+11

LC) L)u
C\J

(qw) ainSSad



C))

IC CD I I
CDqCD U-)

C)U~
D CD

CD

I-. . . . .

Co

I,' - C

EE-

G EC)

LLC)

(qw) aJflssOJd



504

150-

250-

350-
E

-~450 /

cn 550 /

cL- 650 /

750 /

850-

90 2 4 6 8 10 12 14 6

(10 (iYgm/gm)



50

150 -

250 N

350 - N

E-
~- 450-

550

a. 650-

750-

850 -

9501

950 , I I I , I
0 .01 .02 .03 .04 .05

Fallout (cmhr - 15m -1)
Si. I.



350-

S550-: * U,

750 I

* I

• I

1 - . I

: / 1

950 - .
-0.25 0 0.25 0.50 075 1.00(10OoKs')

8t

1"i.



60

50

250-

-;450 I

650 I.

850-

0.50 0 0.50 1.00(1O2Ks-')

Fi: , 20.



Ile
I' Ij

C)~

-5-.

10~6 e0 0 1

C\J OD

(qw) ainssaid



50!

150-

250-

S350 R:2000m

S450-

550-

750

850-

950
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

(I -olk~1



AlitieCs, R. I A) li A -umutkis pin.tLI~ to,,l skelitpt tit it Lz ill)'* .1

liler. P I. lnd C. 1-. Jordun , it)')': Mo,1i n mlljdilw fo H~ U it, CII I m

Mo,. ico i rei. NIT No. 30, . ,,, lthr Bil.1 n * Mi'.ii, Va.,

10 pp LAv; Ii I a IblIe fr-Oin Nnat ieoi 1 it r r i A, I acn )d 1:x 1)Ar- [tuen IIt

Laberote ,rv , Co ra.tG I Ib es , FI a . All

ibL ton , J , R. 19 i I: A nn-d icmtns janal~ I umill uis mod!, it.( I Aid fly p '

ptrttnrh.t ion, 'loll, West. Rev, W0! 10 2-

Johns-oln, R . It. , t1G . I Il Te role Ot 'OIIV1-Ct iV(-S('JA 1,10(c i p it it iii wn

dra fts ;ii rinnu 1 Ls and s vne-pt ic- 1ri i titeArac I i ns. .At tIe-;.

3P, 1890-[19110.

Ke zs Ie r ,E-. , L9h5: Mi croplivtyi CaI p51.aA-t c trs in it i on to t 1-t I

clonud andc prec iP it ie 0s Ibtions andIjil~ t(111 11LIe thh m1d it i Olt ln.

Ceefis-. ittern. 5, 79-88.

1969 : Onl thIe rentL inni I A Ot \W'ItU suIt)Stif, i II~c' ilItt mesjfhlkri

1 rio.t ionls. Met. Mot; Ir .tpb1 10, No. 13, 8's I'p.

' T-t i t Zbkcr7',, C. ;111,1 I). J . Pe rke y 19 67 : RtelIease I)l pe t rot iI Ii 11e :1--

1bi L it Y: Pairt i . A se(Iillit- Li j I plume m'edc I W Ii 1in Tl .1 id reISt i C

p)rir m t i vt I AIt t oilt Tr, -)( I, .1 Atios . S C I 1 4 P) ., ! . ~7

Kil 1 11 .1 H ' I : )in tormn t tt- io -md i iitens i f i t m 1 e of t re)p i t-; I r \r I I'it

11ItIt 1temit lctrI Iat cumu Cl'tiS rotlvo(t ion I. A-t ti- 's ,- ri.

I go I Ant It In stIltdiu e .1 f t ile I) r ert. c,,; ft re I I tit a conlvtt tll



I !i L1 it CS t 11t. 4);r:111( t Ie i / it ion1 )ti h i

1. 101 . i

Sr.i I ' Y 'Ind 'I T. I k I I I I i 19 1) 1-ui e i C .1 I i-u I lI I t j~i 1 1 t 1. 11 4 ItC

v I .I8 1 t ~ I I I I ,C I .1 R(-V. 99 IS r-9

S1 i il* . .1114 g1 i V. 1909: m 1 du I o If p>' c,2 1) t im11 Imil I I 

t mw1r:. M(,ii kWe. i. R tv-. , T7, 4iI4TK9 .

S'1 ai i rc's , '. , in I .4 ' li T rne'r, * I96.1 Al I tilt ra ill jg l ' tC L n 11 t1 I for

c il o Il I I up 1.1 ( ,\tL S . I I.-Z -4i . !

At nsa S 4),, ) !

I 't z 1'll )11 I t i r1 k li t ' s j I '' ' \4 i. il d I, I I v. " c 5 I I

At d 11. 1i) 14' Do' 1) it ,I '1 t, t . It ,i ,( t 1 Iv ii

II



I)ATE

ILMED


